Abstract-A novel implementation and associated design formula for a compact low-temperature cofired ceramics (LTCC) lumped-element second-order bandpass filter are proposed in this paper. The filter schematic that provides two finite transmission zeros is well known. It is shown in the paper that the filter schematic is built on a pair of conventional inductive coupled resonator tanks with a feedback capacitor between input and output. While revealing its working mechanism both graphically and mathematically, a simple design procedure for such a compact filter is also given. The proposed filter has been implemented in a six-layer ceramic substrate using LTCC technology, showing promising application potentials in miniaturized mobile terminals and Bluetooth RF front-ends. The measured results agree very well with the full-wave electromagnetic designed responses.
I. INTRODUCTION
T HE latest wireless products demand ever-greater functionality, higher performance, and lower cost in smaller and lighter formats. This demand has been satisfied to date by major advances in integrated circuit (IC) and high-density packaging technologies, even though the RF sections have continued to demand high-performance and miniaturized passive components such as matching and filtering circuitry. Continuing reductions in size of discrete surface mounted components are having diminishing returns because of the incompatibility of the printed circuit board (PCB) technology, as well as the high cost of assembly of those tiny discrete components. Therefore, new technological approaches are required to address the integration of passives. One of the important means today for integrating passives, particularly for RF functional passive modules, is low-temperature cofired ceramics (LTCC).
Thanks to the new technology that has the greatest ever flexibility to layout conducting circuitry in a three-dimensional fashion, many new compact passive circuit implementations, which were considered impossible to realize with traditional processes, have been proposed for various wireless applications. Examples of the applications include the compact semilumped low-pass filter in [1] and the LTCC duplexers in [2] and [3] . It has been reported recently that a RF front-end module (FEM), integrating over 50 components in a package measuring only 6. mobile (GSM) triple-band mobile phones has been built based on LTCC technology [4] . Among various passive components, people usually pay the most attention to the filter. With the added new design dimension in the -direction provided by LTCC, a lumped-element RF filter can now be implemented in a stacked structure. The stacked architecture can not only shrink the size, but also provide various coupling mechanisms to achieve a better selectivity. A notable bandpass-filter structure that truly utilizes the LTCC features is presented in [5] , where a mutual inductive coupling was achieved by overlapping the two inductor strips in the -direction. The inductive mutual coupling is equivalent to inserting, in series, an LC resonator tank between the two resonators. Therefore, one finite transmission zero can be introduced to improve the selectivity at the image frequency.
In this paper, a compact LTCC lumped-element structure for a well-known second-order filter schematic [6] , [7] with two transmission zeros is proposed. This filter has the same number of elements as the one in [5] . However, rather than having a coupling capacitor between the two resonators, this capacitor is now moved to connect the input and output [see Fig. 1(a) ] to create a feedback path. It is shown that this change will introduce two finite zeros, instead of one, to the transmission response of the filter. The transmission zeros improve the filter selectivity by trading off the attenuation at the far ends of both the lower and upper stopbands.
The emphasis of this paper is also placed on revealing the working mechanism of the filter schematic both graphically and mathematically. A simple design procedure for such a compact filter is also given. The graphic solution suggests that the presence of the zeros (as long as they are not too close to the passband) do not change the passband characteristics of the filter too much, whereas the mathematical solution points out that the filter can be readily designed with the traditional filter synthesis procedure. A prototype filter of size 176 80 21.6 mil has been implemented in a multilayer LTCC substrate for experimental verification. The filter components have been realized using 7-m-thick silver alloy for best conductivity.
II. THEORY
The two-pole filter schematic to be implemented is shown in Fig. 1(a) . It consists of a second-order coupled resonator bandpass filter (with both capacitive and inductive couplings) in parallel with a feedback capacitor. The purpose of the feedback capacitor is to introduce a pair of finite transmission zeros to the transmission transfer function-one in the lower stopband and another one in the upper stopband. It will be demonstrated later that the passband characteristics of this filter and the 0018-9480/03$17.00 © 2003 IEEE one without the feedback capacitor are almost the same. The overall admittance matrix for the filter schematic will be the sum of those for the coupled resonator filter and the feedback capacitor. In such a case, the overall admittance matrix is of the form (1) where and , , , and are the elements of the admittance matrix for the coupled resonator filter without the feedback capacitor. Using this admittance matrix, the location of the finite transmission zeros can then be obtained by solving the following equation: (2) With this equation in mind, the next step is to obtain the expression for . To simplify the analysis, the circuit in Fig. 1(a) is first transformed to the one shown in Fig. 1(b) using the -toDelta transformation. The values of the inductors in this new configuration are given by (3a) (3b) (3c) and then, by performing the nodal analysis on the circuit of the coupled resonator filter, the element can be found as (4) where (5) Substituting (4) into (2) and rewriting it as
A fourth-order polynomial in is obtained, and the locations of the two finite transmission zeros will then be the two positive roots of the polynomial. Alternatively, as shown in Section III, they can also be found by solving (2) and (4) graphically.
III. LTCC FILTER IMPLEMENTATION

A. Circuit Model
Having discussed the theory in Section II, the filter realization and implementation issues will now be addressed in greater detail. The first step is to obtain the circuit model of the filter according to the desired specifications. Based on the synthesis method for a bandpass filter outlined in [8] , a second-order Chebyshev-type bandpass filter of 0.2-dB ripple, 2.5-GHz center frequency, and 0.3-GHz equal-ripple bandwidth has been designed. The corresponding component values in Fig. 1(b) are pF, nH, pF, and nH. The dashed curves in Fig. 2(a) show the transmission and reflection responses of the Chebyshev filter. Notice that these responses are not symmetrical in shape. After obtaining the circuit model for the coupled resonator filter, the next step is to determine the value of the feedback capacitor. Depending on the desired locations of the transmission zeros, the value of the capacitor can be selected to meet the requirement by a graphical method. As shown in Fig. 2(b) , the locations of the zeros will simply be the intersections of the straight line of and the curve of . In this example, a 0.1-pF capacitor has been used and the corresponding zeros are locating at 1.84 and 3.15 GHz. With the insertion of this coupling capacitor, the responses of the filter are now changed to those shown in the solid curves of Fig. 2(a) . It clearly shows that the two transmission zeros appearing at the stated frequencies and the passband characteristics are almost the same as the one without the capacitor .
B. Physical Layout
While the two-pole filter was analyzed based on the circuit model of Fig. 1(b) , the circuit model of Fig. 1(a) is a better choice for realization in LTCC. The reason is that the large-value inductor is replaced by a small-value mutual inductance , which can easily be implemented by placing two inductors close to each other in vertical direction using LTCC technology, resulting in size reduction. In the experimental filter considered, the values of , , and in Fig. 1(a) With the multilayer capability of the LTCC technology, the lumped-circuit model can be readily realized by using parallel plates for the capacitor and a metallic strip for the inductor. For the initial physical layout design, the simple, but well-known parallel-plate formula can be used to calculate the rough estimation on the dimensions of a capacitor. On the other hands, a more complicate formula is required for the estimation on an inductor or a mutual inductance between the two inductors. With the reference of Fig. 3 , the formula for calculating the self-inductance of an infinite thickness strip or the mutual inductance between two such strips is given by [9] (7) In Fig. 4 , the mutual inductance of two 8-mil-width strips (for different strip length Len) as a function of normalized horizontal separation distance is shown. Notice that the strips are locating at two different layers (separated by an LTCC substrate of 3.6 mil in thickness). It can be seen from this figure that a mutual inductance of 0.19 nH can be achieved by combining different strip lengths and separation distances. In the experimental filter, two 8 60 mil strips separated by a distance of mil were used. Having had these formulas, the initial physical layout of the proposed filter can then be easily set up. A fine tuning is required to accommodate the parasitic effects of each lumped element, mutual coupling effects between elements, and finalize the layout design by employing full-wave electromagnetic (EM) simulation tools, e.g., IE3D, Zeland Software, Fremont, CA, in this study.
IV. EXPERIMENTAL RESULTS
An experimental filter has been designed and built in an LTCC format at the LTCC Division, National Semiconductor Corporation, Santa Clara, CA, according to the procedures outlined above. Fig. 5 shows the physical layout of the filter. It was constructed inside an LTCC substrate (Dupont 951AT) of six layers with 3.6-mil thickness. The components of the filter were located only at the interfaces between the bottom four layers. The overall size of the filter is 170 80 21.6 mil .
A few points about the filter are worth mentioning. Firstly, a finite ground plane was inserted at the bottom of the substrate for the construction of the grounded resonators. Secondly, the feedback coupling capacitor was implemented by placing a "dumbbell"-shaped metal plate directly above the input and output components of the filter. Finally, the mutual inductance in the filter design was realized by overlaying two inductance strips one above the other.
The measurement was carrying out by connecting a probe station to the two external ports [shown in Fig. 5(b) ] of the device. The collected data was then calibrated to the desired reference plane by the thru-reflect line (TRL) technique through carefully designed calibration standards embedded in the same LTCC tile. The measured responses of the filter together with those from EM simulation are presented in Fig. 6 . It can be seen that, due to the zero metallic strip thickness model used in the design, which underestimates the capacitance of the parallel plates, the measured responses are slightly shifted toward the lower frequency end. Nevertheless, the correlation of the theoretical and measured results is very good. Notice that the two finite zeros in the transmission response of the filter are located at the prescribed locations.
V. CONCLUSIONS
In this paper, a compact LTCC second-order filter has been presented. It has utilized a simple feedback coupling capacitor between the input and output ports to produce two finite transmission zeros in the transfer function. It has been demonstrated that the filter not only has a better selectivity, but also has nearly the same passband characteristics as those of the traditional second-order coupled-resonator filter. The mathematical formula and graphical design procedure for the well-known two-pole filter schematic have been provided with detailed derivation. Practical LTCC implementation issues have also been discussed. Very good agreement can be observed between the designed responses and experimental results.
